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ABSTRACT 

A way to break supersymmetry in perturbative superstring theory is the string 
version of the Scherk-Schwarz mechanism. There, the fermions and bosons have 
mass sphtting due to different compactification boundary conditions. We consider 
the implementation of this mechanism in abehan orbifold compactifications with 
Wilson line backgrounds. For and x Zm orbifolds, we give the possible U{1) 
R-symmetries which determine the mass splitting, and thus, the supersymmetry 
breaking at the perturbative level. The phenomenlogical viability of this mechanism 
implies some dimension(s) to be as large as the TeV scale. We explain how the 
lighter Kaluza-Klein states associated with the extra-dimension(s) have quantum 
numbers depending on the Wilson lines used. 



* e-mail: benakli@ictp.trieste.it 



One of the standing questions of high energy physics is the presence or the ab- 
sence of higher (spontaneously broken) symmetries of nature beyond the ones of the 
standard model. Among the expected or wanted ones is spontaneously broken super- 
symmetry. Supersymmetry appears quite naturally in superstring theory. However 
understanding its breaking directly at the level of perturbative four-dimensional 
superstring theory remains up to now an open problem. Previous studies [1,2], as 
well as a more recent attempt [3], have all lead to the prediction that at least one 
of the internal dimensions needs to be large. More precisely, because of the non- 
renormalization theorems, supersymmetry has to be broken at tree level. Then the 
gravitino or gauginos get masses inversely proportional to the size of some internal 
dimension. As these masses are usually required to be of order of the electroweak 
scale in order to protect the gauge breaking scales hierarchy, it results that the size 
of some internal dimension(s) is of the order of the TeV. 

A possible way to build theories with broken supersymmetry is the string ver- 
sion of the Scherk-Schwarz mechanism [4]. Such theories have become recently of 
some phenomenological interest after it has been shown that they could allow a 
weakly coupled string theory, at least at one-loop for a class of models based on 
orbifold compactifications [5]. This result also suggests that the manifestation of 
the large extra-dimension(s) would be the existence of some new states with regu- 
larly spaced masses and behaving as excitations of the MSSM particles [6] . In the 
limit where some supersymmetry (thus electroweak) breaking effects are neglected, 
the quantum numbers and interactions of these states have been investigated in [7] . 
There, it has been pointed out that in a minimal scenario, their only observable 
effects are through some non-renormalizable effective operators. The latter have 
been computed and limits on the size of new dimensions have been derived from 
actual experimental data [7]. The obtained bounds allow the hope of experimental 
detection in the near future [8]. 

The Scherk-Schwarz mechanism of supersymmetry breaking has been up to now 
analyzed only for string models with large gauge groups obtained in the absence 
of any gauge background fields. We will extend this analysis to the case where 
Wilson lines are present. These are necessary to break the former large groups into 
smaller ones like SU{3) x SU{2) x U{1) at the string level. We will first introduce 
the formalism which allows us to derive the mass spectrum in presence of both 
Wilson lines and supersymmetry breaking. We will notice that the two effects can 
be studied separately. One of our results will be to give the possible charges that 
could be used in orbifold models to break supersymmetry a la Scherk-Schwarz in 
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the context of Z^^ and Z^v x Zm orbifolds. We will then turn to the study of some 
important properties of the Kaluza-Klein (KK) states in the presence of Wilson 
lines. Although, the spectrum in absence of supersymmetry breaking is well known, 
the implications for the case of a dimension of very large size haven't been studied. 
One of our results will be to show that the KK excitations form (spontaneously 
broken) = 4 or = 2 multiplets with quantum numbers depending on the choice 
of the Wilson lines. In particular, if these are associated to the large dimension(s), 
then new very light states are present with quantum numbers which cannot be 
expected only from the knowledge of the massless spectrum. But we will argue that 
the rank of the KK symmetry group remains the same as the one of the (massless) 
gauge group if the Wilson lines are all associated with the other dimensions of small 
size. Some attempts to study explicit orbifold models with minimal content of KK 
states will be presented elsewhere [9] . 

Let us first derive the spectrum of the KK excitations in presence of both 
Wilson lines and supersymmetry breaking. The worldsheet action of the heterotic 
strings considered below takes the general form [10]: 



where the a and r label the worldsheet coordinates*, X'*(t, a) are the 2d scalars de- 
scribing the ten-dimensional target space, ip'^{T — a) are their right handed fermionic 
superpartners and the left handed bosons X^{t + a) describe the gauge lattice Tiq 
of Es X Es or Spin{32)/Z2. In (1) the metric of the lattice Tiq is denoted by gu, 
while Gab is the gravitational and Bab is the the antisymmetric background fields. 

The simplest 4d string models are obtained through the toroidal compactifi- 
cation of the six internal coordinates A*(r, a) on a torus = R^/27rA with A a 
6-dimensional lattice with basis {cj}. This compactification is achieved through the 
identification: 



It is useful to define the metric Gij = Cj • ej of the internal lattice A and its 
inverse G*-' = G~-^. The standard basis vectors of the dual lattice A* of A are 
{e** = G^^Bj}. The gauge lattice Tiq is spanned by the basis vectors e/. 

* in the following we use a G {1, . . . , 10}, = 1, 4, i — 5, . . . , 10 and / = 



S = - 




(1) 



i^«7-(a, + a<,)V'" + Aid^X'^d'^X' + gijd^X'd'^X'] 



(2) 
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Any state in the Hilbert space is obviously associated with the set of quantum 
numbers {p^ ,mi,n^ ,p^) where p^, = 1, . . . , 4, is the continuous space-time mo- 
mentum, p = rriie*'^ e A* (mj e Z) is the internal momentum, n = n*ej G A (n* e 
Z) is the winding number appearing in (2), and P = p^ej, / = 1, . . . , 16 is its gauge 
internal number. 

The background gauge fields and antisymmetric tensor Bij can be written in 
the r lattice frames as = af (e**)^ and Bab = bij{G*^)ai^*^)b- The corresponding 
physical quantities are the invariant integrals, in one to one correspondence with 
the lattice vectors of the six dimensional internal lattice which in fact corresponds 
to the loops with non trivial homotopy. These integrals, called Wilson lines, are 
given by J. dx^-Aj^ — 2'Kaj and the surface integrals J.^ dx"" A dx^Bab — 47r^6y. 

In the following, we restrict ourselves to the case with vanishing antisym- 
metric background field bij = 0. When the gauge background fields also van- 
ishes — 0, the internal momenta can be combined into a vector {pl',Pr) = 
{piei +PLGi;PRei) = (P,pl;pr) with 

Pl^^m' + n\ (^3) 
Pr = \rn' - n\ 

lying on a Lorentzian, self-dual, even lattice V = Tiq^^.^ spanned by: 

V= (o, -e*'; -e* 
V 2 '2 

ki = (0, Gi] Gj) 

1/ = (e/,0;0). 

The precise effect of the Wilson lines is obtained by considering their modifi- 
cation to the internal momenta [11]: 

pi = / + Aln' 

pi = \m' - Ip'A'' - \A^'Afn^ + (5) 
= im^ - ]^p^A-^' - ^A^'Afn^ - n' 
which corresponds to acting on the lattice (4) by a Lorentz boost represented by 
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the matrix [12]: 

(Sj \A-i ~\Al, \ ^ / Al —Al,\ 

-Ui Sat - \A^Af \A^A^, = exp- [ -Ai (6) 

After this boosting , as it can be read from (5) some previously massless string 
states become massive. When these states are identified with some vector gauge 
boson fields, the gauge symmetry is broken [11-13]. Here, the role of the Higgs 
field is played by the scalar corresponding to the vertex operator daX°'d°'X^ . It 
is obvious from the form of this operator that the Wilson lines are associated with 
the Cartan subalgebra and thus the Higgs field is in the adjoint representation of 
the gauge group. As a result the rank of the group cannot be reduced. 

Within these notations, it is easy to implement the supersymmetry breaking 
effect. In fact, the Scherk-Schwarz mechanism can be described by a Lorentzian 
boost on the vector of the extended lattice, obtained by adding some 

charge generator Q"^ to the Narain lattice [2, 5]: 



Sab -h^Ab |Ca6' \ 1 / ^ ^Ab'\ 

^Cb Sab - \icaihb \icaihb' ^ = exp- Cb (7) 

The combination of the both Wilson lines and Scherk-Schwarz charge is then 
equivalent to a boost on the vector {Q"^ , p^ , pi', p%) given by: 



/ Sab -^^Ab ^^Ab' \ 

Sj 2 Ah —2^b' 

Q.'^aB 2 a ^^.Ca^Cb 8 o 6 ^^Ca^Cb' ^ 8 a ^b' , 

\ It* 1/1^ If C* ^ aK aK r C* j_ ^ aK I 

^ 2^a'B 2^o' s^C'a'^Cfe 8^a'^6 '^a'b' i" gSCa'^Cb' S^a'^b' ^ 

which leads to the following spectrum: 



(8) 



pi^p^ + A]in? 

Pi -^l{rn^ + C/Q' - lejCk'n" - p' A^^ - ^-A^'^Afn^) + 

p'r ^ ^(™' + ^fQ' - - P'A-'' - ^A^'Afn^) - n\ 

It is important to notice that the breaking of gauge symmetry and supersym- 
metry commute as they are two similar (but different as explained below) Lorentz 
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boosts. Then there is no new condition imposed on the charge Q^. That allows 
us to study the properties of the models in their supersymmetric phase. This was 
expected but it is not automatic, because going to the non-supersymmetric phase, 
one gives a vacuum expectation value for an unphysical (non-BRST invariant) aux- 
iliary field [2] . The two phases are not continuously connected and they do not have 
the same classical moduli space. 

The toroidal compactification models described above lead to a non realistic 
massless spectrum as it has an extended = 4 supersymmetry which has no 
chiral representations. The natural simple candidate to study the Scherk-Schwarz 
mechanism are then the orbifold compactifications which have an = 1 space-time 
supersymmetry [14]. Below, we will restrict our attention to symmetric abelian Zjv 
and Zjv X Zm orbifolds. 

We consider now the toroidal models above where is seen as the product of 
three tori = x x described by three complexes coordinates with 
z = 4, 5, 6 and the corresponding fermions: 

fa. = 1p3+2a + ilp4+2a (10) 

The orbifolds compactifications are obtained by dividing out some discrete sub- 
group G of the automorphisms of the Hilbert space. G includes the space lattice 
twists corresponding to the elements g — {6, v) which form the space group. They 
define the action of G on the quantum numbers PL,i,PR,i of any state. The pure 
translations (1, v) form the lattice A and the rotations 9 form the point group P. To 
preserve N = 1 supersymmetry P must be a discrete crystallographic subgroup of 
SU{3). We are interested in the case where P = {or P = x Zm) is generated 
by a rotation 6 of order N (or rotations 9,(jJ of orders N and M respectively) . The 
elements of the space group have the form g = {6^ ^v) with j = 0, 1, A?" — 1 (or 
g = {d^uj^, v) with j = 0, 1, iV - 1, and /c = 0, 1, M - 1). 

The physical Hilbert space for a string propagating on an orbifold consists in 
different sectors. There are the twisted sectors containing states not present in the 
toroidal compactification. These states satisfy the boundary condition: 

X{a + 2TT) = e''X{a) + 27TV k=l,...,N-l (11) 

They don't have internal momenta, so they don't feel the supersymmetry breaking 
mechanism at the tree level. There is also an untwisted sector which is obtained 
from the Hilbert space of a string propagating on a torus by projecting on invariant 
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states under the action of G. These states are defined by the closed string boundary- 
conditions: 

X{(j + 2tt) = X{(j) + 2ttv (12) 

where v are the lattice A vectors. Their mass spectrum is determined by the asso- 
ciated internal momenta through: 

\rnl = \rnl = Nr^^pI, (13) 

with p/j defined in (9) and is the oscillator number. The requirement that orb- 
ifold projection, gauge symmetry and supersymmetry breaking commute, restricts 
the allowed Wilson lines and the charges Q^. 

Obviously, the two effects of gauge symmetry and supersymmetry breaking 
do not mix. We can then study the two effects separately. Let's first discuss the 
possible charges that could be used for supersymmetry breaking. 

The charge can be written as: 

Q^ = ^J^ (14) 

where J"* is a U{1) current which should satisfy the following requirements: 

i) must obviously be a dimension one conformal operator satisfying the 
U{1) algebra. 

ii) shouldn't commute with the 2d supercurrent so that it gives a charge 
for the gravitino but not to the graviton and gauge bosons which are usually in the 
untwisted sector. 

The current has then the form of a bilinear in the fermions: 

= Ca^^>^ (15) 

In orbifold compactifications, the condition that is associated with some 
particular direction A means that it should have the same transformation under the 
orbifold group than the corresponding coordinate dX^. This requirement is very 
strong as it leaves only few possible U{1) currents. 

We have listed the different currents we found in the tables 1 and 2 for the 
cases of Zn and Zn x Zm orbifolds respectively. For the orbifolds Z4 and Z2 x Z2 
the U{1) charges were already given in [5]. We have focused on orbifolds where only 
one dimension (Z2 case) or two dimensions are large. For example, this excludes 
Z7 orbifold which needs the six internal dimensions to be of the same size. For 
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the orbifolds Z3, Ze, Zg and Z12 as well as Z2 x Ze, Z3 x Z3, Z3 x Ze, Z4 x Z4 
and Zg X Zg we have not found charges allowing to implement the Scherk-Schwarz 
mechanism. 

Only two orbifolds Z4 and Zg = Z2 x Z3 have charges associated with = 4 
sectors where the threshold corrections vanish. The other orbifolds lead to light 
KK-states in = 2 multiplets. In this case, the one loop threshold depending on 
the value of the large radius is not automatically vanishing. One would have then 
to chose the particle content as KK-excitations to get vanishing /3- functions [5]. 

We will now discuss some relevant properties of the Kaluza-Klein spectrum. 
For this we need to make the size of the internal radii explicit. This is done through 
the following redefinitions of the lattice vectors: 

Bi RiBi e** ^ Gij Sij (16) 

The vector pn appearing in the mass formula (13) takes then the well known form: 

1 e** 

PR = {rrii - al{p^ - g^^^^))^ ~ n'RiBi, (17) 

We also make the rescaling ^ / Ri. A well known result is that in 
superstring theory these new parameters are not continuous, but can only take 
discrete values of order one [1, 2]. The corresponding formula in the presence of the 
supersymmetry breaking is then: 

pn = (m. - alip' - \a\n^) + ^^Q^ - ^^0^ + n^Ri^i. (18) 
while: 

PL = (m, - alip' - \a\n^) + ^^Q^ - ^-^n^)^^ ' n'R^e^. (19) 

In the above formula the charge takes integer and fractional values for the 
bosons and fermions respectively. The requirement that the orbifold projection and 
gauge symmetry breaking commute imposes a condition on the allowed Wilson lines 
[14-15]: 

iVa e r (20) 

Moreover, the invariance under ei_|_i, if part of the point group, implies that 

tti — ai_|_i and thus reduces the maximum number of independent discrete Wilson 
lines. 
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Although the formula above in the absence of supersymmetry breaking are well 
known, their implications for a large internal dimension have not been studied. 

Notice first that in the gauge symmetry breaking process, the states acquire 
masses inversely proportional to the radius of the torus corresponding to the Wilson 
line. The massless states (in the supersymmetric phase) can easily be seen to 
correspond to Wilson lines singlets: aP e Z. While we see that a Wilson line 
associated to the torus with the large radius used to break supersymmetry will lead 
to a mass of the order of hundreds GeV or TeV to the projected states. In particular, 
if some states have < \aP\ < 1 as it is often the case, then the corresponding states 
will have masses smaller than the KK excitations of the states, with different gauge 
quantum numbers, present at the massless level. This also implies that the minimal 
light KK states are obtained when all the Wilson lines have to be associated only to 
the other small tori. Such a minimally requirement would also automatically avoid 
the presence of some massive new vector bosons that could mediate new dangerous 
interactions. 

The appearance in the untwisted sector of massless vector bosons in the ad- 
joint representations implies the presence of their KK excitations. As shown in [7], 
the left moving Hilbert states, carrying gauge quantum numbers, transform un- 
der the orbifold group by phases that can be compensated by lattice phases. The 
fermions and scalars partners of the vector representations can then be obtained 
by exchanging the dX^s by any right handed oscillator are present in the massive 
KK spectrum with the same mass. If all the three internal two-dimensional tori are 
untwisted simultaneously, the above representations generate N = 4 multiplets in 
the adjoint representation. If not all of the internal coordinates are untwisted we 
obtain N = 2 multiplets. 

The formula (18) shows that all the states carrying the same gauge internal 
momenta have the same masses. In particular, this implies that all the N = 2 and 
= 4 multiplets get projected by the gauge symmetry breaking and only N = 4 
(or N — 2) excitations of massless untwisted states are present among the light KK 
states. 

To illustrate the above point let's consider the simplest case of the presence 
of a massless untwisted state charged only under one U{1). This state of charge 
Q and denoted by 5*0 (index for massless) has a tower of KK excitations Sn of 
masses n/R. They are supposed to come in massive A = 4 multiplets containing 
5 scalars, 4 fermions and one vector. The vector excitation has also the same 
charge Q under C/(l), so it must be part of the adjoint representation of a non- 
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abelian group. Moreover, as the U{1) gauge group is unbroken, it must be anomaly 
free. In the simplest case, it is sufficient to have in addition a massless state Sq 
of charge —Q and the symmetry group at the massive level will be SU{2). Notice 
that as the (unbroken) gauge symmetry and the massless (twisted) representations 
are not given by the extended group, the couplings between the massless and KK 
states are more complicated [7]. The generalization of these arguments to the 
presence of other representations is straightforward. For example, by applying them 
one could obtain the light KK spectrum when the untwisted sector contain chiral 
supermultiplets transforming under SU{N) x SU{M) x f/(l) as (1, 1)q, {N,1)q, 
(1, M)g or (iV,M)Q. 

Finally, we have to deal with the effect of reducing the rank of the gauge group 
on the Kaluza-Klein excitations. The Higgs mechanism through discreet Wilson 
lines described above doesn't reduce the rank of the gauge group. To reduce the 
rank, there are usually two mechanism used. The first is to embed the Wilson lines 
in the gauge group as automorphism of the Fiq lattice [16]. This corresponds to the 
case where the orbifold action on the gauge lattice is described by a rotation O ^ 0. 
In this case some Cartan generators of the gauge group are not associated with a 
root of Fie, but with an invariant combination of winding states. In the case where 
some components of the Wilson line are rotated by 0, the projection on Wilson 
line singlets projects out, in general, the Cartan generators which have the form of 
invariant combination of winding states. As this projection is at the level of the 
gauge lattice state, which is the same for all the KK excitations of the gauge boson, 
all the KK tower is projected out. Both the rank of the gauge symmetry group and 
the rank of the symmetry group of the KK excitations are reduced simultaneously. 
Notice that if the Wilson line is associated with the dimension with large size then 
the projected states are very light. 

Another often used way to decrease the rank is to exploit the fact that in 
these compactifications one U{1) gauge factor is usually anomalous and develops a 
Fayet-Iliopoulos D-term [17], meaning that the classical vacuum is ill defined. This 
D-term is canceled by giving a "small" vev (of the order of the coupling constant) 
to a massless state (modulus) charged under this U{1) [18]. The U{1) factor as well 
as the gauge factors under which this state is charged are all broken. From the 
effective field theory point of view, the KK excitations couple also to the shifted 
scalars and all the tower of KK states get large additional masses. At the level of 
the string formulation, this effect is similar to the Fishler-Susskind mechanism and 
corresponds to cancellation of tadpoles between one and two loops effects and is 
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beyond the 2d conformal field theory techniques of string perturbation theory. 

It would be useful to exhibit some explicit semi-realistic models where the per- 
turbative mechanism of supersymmetry breaking could be studied. Other important 
questions like a solution for the cosmological constant problem or the computation 
of higher-loops threshold corrections in the broken phase remain still open. 
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Zjv 


shift 


{N-A) 




Z4 




(4; 1,2) 


= -7nUtR<h) + M) 






(2; 3) 


^(/r/i +/1/2) 








V'^e(/3) 


Ze 


1(1,2,-3) 


(4;i) 


^(/r^ + ZiV' + Zl^eas)) 






(2; 3) 


^(/r/i +/1/2) 








V'^ef/s) 




1(1,3,-4) 


(2; 3) 


^(/r/i +/1/2) 










Z12 


^(1,5,-6) 


(2; 3) 


-^(/r/i + /1/2) 








V'i?e(/3) 



Table 1. 

Currents J"^ that can be used for breaking supersymmetry in Zjv orbifolds. 
We specify the sector = 2 or 4 and the corresponding directions A. The currents 
are given up to trivial redefinitions, as the change to another equivalent direction 
A. if) is one of the ■0'^s. 
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shift 


(TV; A) 




Z2 X Z2 


(i 0,-i) X (0, i i) 


(2; 1,2, 3) 


T \J -L / 








i?e(/2)i?e(/3) 


Z2 X Z3 


(i 0,-i) X (0,^,-i) 


(4; 3) 


^(/l/2+/3V' + /2*^e(/i)) 






(2;i) 


^(/3/2*+/3/2) 










Z2 X Z4 


(i 0,-^) X (0,i -i) 


(2;i) 


^(/s*/! + /3/2) 








V'i?e(/i) 






^,3j 


t2 1 / r , ^* ^ ^^ 

— 751/2^ + J2-n^e(/ijj 


Z2 X Z^j 


(i,0,-i)x(0,i,-|) 


(2;i) 


7f (/3/2* + 73/2) 








V;i?e(/i) 



Table 2. 

Currents J"^ that can be used for breaking supersymmetry in Z^r orbifolds. 
We specify the sector = 2 or 4 and the corresponding directions A. The currents 
are given up to trivial redefinitions, as the change to another equivalent direction 
A. ij) is one of the ■0'^s. 
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